Abstract-In this correspondence paper, we consider a cell-free massive Multiple-Input Multiple-Output (MIMO) system where access points (APs) serve a much smaller number of users under the time-division duplex operation. The APs first estimate the channels via the uplink training phase. Then, these channel estimates are used to detect desired symbols in the uplink and precode the transmit symbols in the downlink. Nonorthogonality of pilot sequences and AP selection (e.g., received-power-based selection or largest-large-scale-fading based selection schemes) are taken into account. To reduce the effect of pilot contamination, we propose a pilot power control design, which chooses the pilot power control coefficients to minimize the mean-squared error of the channel estimation. This is achieved via the sequential convex approximation method. By using pilot power control in training phase, the system performance is considerably improved. In addition, we derive closed-form expressions for the uplink and downlink achievable rates with arbitrary power data/pilot control coefficients and any AP selection schemes.
Pilot Power Control for Cell-Free Massive MIMO

I. INTRODUCTION
Cell-free massive MIMO systems, where a large number of access points (APs) serve a much smaller number of users in the network simultaneously, in the same frequency resource, have attracted significant attention as they provides uniformly good service to all users as well as handover-free [1] , [2] . Moreover, by using multiple antennas at APs, cell-free massive MIMO inherits the important benefit, i.e., channel hardening, from massive MIMO [3] .
In cell-free systems, all channels estimated in the training phase are used for precoding in the downlink data transmission and decoding in the uplink data transmission. In the training phase, each user should ideally be assigned a pilot sequence which is mutually orthogonal to other users' pilot sequences. However, when the coherence interval is short or/and the number of users in the system is large [4] , non-orthogonal pilot sequences have to be used by the users. As a consequence, at each AP, the pilot signal transmitted from a given user will be interfered by the pilot signal transmitted from other users. This effect, known as pilot contamination, reduces the system performance significantly [5] , T. C. Mai, H. Q. Ngo, and T. Q. Duong are with the Queen's University Belfast, Belfast BT7 1NN, U.K. (e-mail:, tmai01@qub.ac.uk; hien.ngo@qub.ac.uk; trung.q.duong@qub.ac.uk).
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Digital Object Identifier 10.1109/TVT.2018.2867606 [6] . To mitigate pilot contamination, pilot assignment and data power controls can be used [1] , [7] .
In previous works on cell-free massive MIMO, all pilot signals are transmitted with full power during the training phase [1] , [3] , [7] - [9] . It may happen that a user with poor channels can be strongly contaminated by users with strong channels during the training phase. This significantly degrades the performance of the user, and hence, reduces the total performance of the systems. In addition, [7] shows that, it is not optimal to use all APs to serve all users in both uplink and downlink data transmission phases, especially when taking into account the capacity limitation of backhaul load [9] and the hardware impairments [8] . Therefore, in this work we propose to allocate pilot power for each user to improve the channel estimation quality. We consider a cell-free massive MIMO system as in [1] , but the APs are equipped with multiple antennas. In particular, the power control and AP selection are exploited during the training phase. In general, we should assign the pilot sequences, allocate the pilot powers, and select the number of serving APs per user to maximize the system performance. However, this is a multi-objective optimization problem and finding the corresponding optimal solutions is a challenging task. Therefore, in this work we focus on allocating the pilot powers, assuming that pilot assignments are designed in advance. Cell-free massive MIMO utilizes channel state information that is estimated rather than assumed and hence the accuracy of channel estimation is very important.
The objective in this paper is to minimize the channel estimation error. More precisely, we propose a simple pilot power control problem which can improve the net throughput via minimizing the variance of the MMSE channel estimation error. The main contributions of this paper are as follows r We derive closed-form expressions for both uplink and downlink achievable rates of a cell-free massive MIMO system taking into account the channel estimate errors, AP selection schemes, multiple antennas at the APs, and pilot/data power controls. Our result is a generalization of the result in [1] in which pilot power control, multiple antennas at the APs, and AP selection were not considered.
r We propose a pilot power control problem which aims at minimizing the mean-squared channel estimation errors, subject to a pilot power constraint. The proposed optimization problem is not convex, but it can be changed to a convex problem by using the second-order Taylor approximation. As a result, its solution can be approximately determined by solving a sequence of convex programs.
II. SYSTEM MODEL AND SPECTRAL EFFICIENCY
We consider a cell-free massive MIMO system where M geographically distributed APs jointly serve all K users in the same timefrequency resource of the network. Each user is served by a subset of APs. Let A k be the set of APs serving the k-th user and U m be 0018-9545 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
the set of users served by the m-th AP. 1 The system operates in TDD mode and exploits channel reciprocity. The channels estimated at the APs can be used to decode the signals transmitted from the users in the uplink, and precode the downlink symbols. Each AP has L antennas, while each user is equipped with a single-antenna. The channel vector, g m k ∈ C L ×1 , between the k-th user and the m-th AP is modeled as the combination of the large-scale fading β m k and the vector of small-scale fading h m k ∈ C L ×1 :
We assume that
vectors, and β m k are known a priori. For each coherence interval, the transmission occurs in three phases: uplink training, uplink data transmission, and downlink data transmission. The system model is similar to the one in [1] . The main difference appears in the training phase. More precisely, in [1] the users transmit with full powers during the training phase, while here in our work, the pilot signals will be weighted by the power control coefficients. The power control is done at the CPU. As in previous works [1] , we assume that the power control coefficients are sent to the APs perfectly via dedicated channels. Note that this is done for each large-scale fading realization which changes very slowly.
A. Uplink Training Phase
For each coherence interval of length τ c (symbols), a duration of length τ (symbols) is used for the uplink training. Let
, where ϕ ϕ ϕ k 2 = 1, be the pilot sequence of user k. Here, η k , where 0 < η k ≤ 1, be the corresponding power control coefficient. Then, the m-th AP receives
where ρ p is the normalized (with respect to noise power) signal-to-noise ratio (SNR) of each pilot symbol, W p ,m is the L × τ c additive noise matrix that their elements are i.i.d.
γ m k denotes the l-th component's mean-square of the estimated channel vectorĝ m k , can be calculated as
where
1 AP selection is applied to reduce the requirement for backhaul connection. In a special case where A k = {1, 2, . . . , M }, for all k, we have the same system model as the one in [1] . The AP selection can be done by some criterion such as received-power-based selection or largest-large-scale-fading-based selection schemes in [7] .
B. Uplink Data Transmission
All K users share the same time-frequency resource. The received signal at the m-th AP is modeled as
where SNR, and w u ,m ∼ CN (0, 1) is the additive noise.
To detect the symbol transmitted from the k-th user, the m-th AP which belongs to the subset A k sendsĝ * m k y u ,m to the CPU through the backhaul network. The received signal at the CPU is
Following the same technique in [1] , we first decompose the received signal r u ,k as
Then by treating the sum of the second, third, and fourth terms in (8) as effective noise and using the worst-case Gaussian noise argument [10] , we obtain the spectral efficiency of the k-th user as follows:
Following the derivation in Appendix V-A, we can obtain the closedform expression for the uplink spectral efficiency (9) as given in (13), shown at the bottom of the next page.
C. Downlink Data Transmission
In the downlink, the APs belonging to the set A k aim to send symbol q k , where E |q k | 2 = 1, to user k, k = 1, . . . , K. As a result, m-th AP will aim to send symbols to the users in the set U m . The vector of transmitted signals from the m-th AP, which uses maximum ratio precoding scheme based on its local channel estimates to precode the transmitted symbols, is
where ρ d is the normalized downlink SNR, η d m k are the downlink power control coefficients chosen to satisfy the power constraint at each AP E x m 2 ≤ ρ d , and hence,
The received signal at the k-th user is
where w d ,m ∼ CN (0, 1) is additive noise at the k-th user. Following a similar methodology as the derivation of the uplink spectral efficiency in Section II-B, we obtain closed-form expression for the downlink spectral efficiency as given by (14), shown at the bottom of this page.
III. PILOT POWER CONTROL
The cell-free massive MIMO system operates in TDD mode and the channels are estimated at each AP based on the pilot signals sent from the users during the training phase. Due to the non-orthogonality among pilot sequences, the estimate of the channel corresponding to a given user will be impaired by the pilots transmitted from other users. This effect is known as pilot contamination effect. This effect is very serious in cell-free massive MIMO systems, where we aim to serve many users simultaneously, in the same time-frequency resource. Therefore, pilot contamination mitigation is crucial task in cell-free massive MIMO. To reduce the pilot contamination effect, we propose to design the pilot power coefficients to improve the channel estimation accuracy during the training phase. Since we aim at providing uniformly good service for all users in the network, we propose a min-max optimization problem which minimizes the largest of all user normalized mean-squared errors (normalized by its large-scale fading coefficient) as follows
where A k is again the set of APs chosen to serve the k-th user, is very small and > 0 (this guarantees that all required channels are estimated in the training phase), and var m k is the mean-squared error of MMSE estimation for [g m k ] l given by [11] 
An equivalent form of (15) is
This is a non-convex problem. To solve this, we use the successive approximation technique with first order Taylor approximation for the convex function 1 x y with x, y > 0 as follows
We apply the approximation in (18) for each fraction in the righthand side of (17b), where
of problem (17) can be upper bounded by solution of a problem
Finally, problem (15) can be determined by solving a sequence of the convex problem (19). The details are shown in Algorithm 1.
Convergence Analysis: The convergence analysis follows the general framework in [12] . An optimal solution of (19) is also feasible to (15) as the result of convex bounds in above successive approximation technique. Therefore, Algorithm 1 yields a non-increasing sequence of objectives. Moreover, due to the power constraints, the objective of (19) is bounded from below. Thus the objective of Algorithm 1 is guaranteed to converge.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we compare per-user net throughputs of our proposed pilot power control method with the ones with full pilot power. In all examples, max-min power control in the data transmission phase proposed in [1] is applied. We choose M = 100 and K = 40. For simplicity, we use the largest-large-scale-fading-based selection scheme in [7] to choose the set of APs A k , and denote by N = |A k |. Furthermore, random pilot assignment is used, i.e., each user randomly selects a pilot sequence from a predefined set of orthogonal pilot sequences.
A. Parameters and Setup
The paper metrics and setup resemble those of [1] . More precisely, APs and users randomly locate on a square, and wrapped around technique is applied to imitate a network with an infinite area. The large-scale fading coefficient β m k is modeled by the path loss and uncorrelated log-normal shadowing. We use three-slope model to generate the path loss. Then, the per-user net throughput, which is considered as the quality metric of the system, is given by
where Ch ∈ {u, d} corresponds to uplink or downlink, respectively, and B is the spectral bandwidth. Numerical results are obtained by 500 random realizations of AP and user locations.
B. Results and Discussions
We first examine the convergence behavior of Algorithm 1. Figure 1 shows the normalized mean-squared error (the objective function of (15)) versus the number of iterations with different τ and N , for an arbitrary snapshot of large-scale fading realization. We can see that our algorithm converges very fast, just after 5 iterations.
Next, we evaluate the effectiveness of proposed pilot power control. Note that our proposed method is based on the successive approximation technique in Algorithm 1, and hence, it yields sub-optimal results. Figures 2 and 3 show the cumulative distribution (CD) of the per-user uplink net throughputs for τ = 5 and τ = 10. While Figures 4 and 5 show the corresponding CD of the per-user downlink net throughputs. In our pilot power control algorithm, we choose = 0.01, θ = 0.005, and K I = 15. Note that the "no power control" curves correspond to the cases where the users transmit with full power during the training phase [1] .
Numerical results show that our pilot power control algorithm outperforms the previous method of [1] in both uplink and downlink transmissions, especially for 95%-likely throughputs. Compared to [1] , our proposed method offers more performance improvement in the cases that τ and N are small, i.e., τ = 5 and N = 5. As shown in Figure 2 and Figure 4 , our proposed method offers over 20% improvement in the uplink net throughput and over 25% improvement in the downlink net throughput with N = 5 serving APs per user and τ = 5. The reason comes from the fact that at low τ and N , the system suffers more pilot contamination. Our proposed scheme can reduce this pilot contamination effect.
With a fixed number of serving APs per user, if τ is small, longer time per coherence interval is spent for the data transmission, but the performance of channel estimation is poor as it suffers more pilot contamination. By contrast, if τ is large, the performance of channel estimation is better but smaller time per coherence interval is spent for data transmission. However, regardless of τ , the system performance with pilot power control always outperforms the case without pilot power control.
Numerical results also show that the system throughput improves when we increase the number of serving APs per user as well as the number of antennas per AP. However, the system performance need to be traded off among some parameter constraints such as the capacity of backhaul load, energy efficiency, and throughput of the system. We leave this problem for the future work.
V. CONCLUSION
Typically, in cell-free massive MIMO, the users transmit with full power during the training phase. In this paper we exploited how much would the performance improve if the pilot powers is optimally chosen. We proposed to design the pilot power control coefficients to improve the channel estimation quality, and hence, reduce the effect of pilot contamination. Compared to the case without pilot power control, our proposed method offered a noticeable throughput improvement in both uplink and downlink. We also found that the proposed pilot power control scheme is preferable for high-mobility environments (i.e., τ c is small).
APPENDIX
A. Derivation of (13)
Following the same technique in [1] , we have
and 
Finally, (13) is obtained by substitution of (21), (22) and (23) into (9) .
